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Abstract.
Purpose: The illusory ownership of a fake hand as part the body follows synchronous tactile stimulation over a visible rubber
hand and a covered hand. Whether brain plasticity mechanisms after sensory and motor disconnection modulates this illusion
remain unexplored.
Methods: We tested a tetraplegic man after synchronous and asynchronous stimulation of the hand and face.
Results: The illusory ownership of the fake hand was tested four times in separate days and always reported. To verify whether
this ownership feeling generalized also to object not resembling the human body we tested this illusion with a plastic bottle and a
rubber hand. The illusionary perception of owning an external object using the rubber hand paradigm showed that the temporally
matched tactile stimulation on a fake hand and visual capture mechanism create the illusionary feeling that the rubber hand was
part of his body.
Conclusions: Despite lesions that dramatically disconnect the access to sensory inputs and motor outputs our data suggests a
strong visual capture of a rubber hand and a possible remapping of hand-face representations after the spinal lesion. We suggest
that vision and brain plasticity may represent a supportive tool for motor rehabilitation in patients with sensory deficits.
Keywords: Rubber hand illusion, visual dominance, face hand remapping, brain plasticity, spinal cord injury
1. Introduction
The physical self is based on the unitary percep-
tion of our body which in turn originates from visual
(Lenggenhager et al., 2007), vestibular (Lopez et al.,
2008; 2010) and proprioceptive inputs (Walsh et al.,
2011; Heroux et al., 2013). A striking example of
body-related multisensory integration is the so-called
rubber hand illusion (RHI; Botvinick & Cohen, 1998)
in which an artificial hand may be perceived as part
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of one’s own body. The RHI is experienced when
seen touches on a fake hand are delivered simultane-
ously to touches felt on one’s own hidden hand. The
RHI has both objective and subjective components.
The first consists in the fact that when subjects are
asked to localize their out-of-view real hand they typ-
ically localize it closer to the fake one. This is called
proprioceptive drift and is considered a quantitative
measure of the RHI (Longo et al., 2008). The sec-
ond component is related to subjective perceptions and
is explored through a questionnaire that indexes the
strength of the experienced illusion. While some stud-
ies suggest objective and subjective indices are closely
correlated (Longo et al., 2008) other studies suggest
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the correlation may be loose or absent (Rohde et al.,
2011; Holle et al., 2011; Holmes et al., 2006). In any
case, the perceived proximity to the fake hand and
the subjective experience of including in one’s own
body an artificial part can be considered respectively a
direct and indirect index of malleability of body rep-
resentations. The plasticity of bodily representations
is highlighted also by studies of patients with somatic
and motor deafferentation. For example, people who
suffered from limb amputation can experience their
amputated body part still attached to their body, a sen-
sation referred to as phantom limb (Aglioti et al., 1997;
Aglioti et al. 1999; Ramachandran et al, 1998; Hunter
et al., 2005; Ramachandran et al, 2010). It has recently
been shown that amputee people can experience the
RHI during the synchronous touch over their stump
(Ehrsson et al., 2008; Schmalzl et al. 2013). Thus, the
absence of a body part or the lack of its afferent/efferent
connections to/from the brain may not obstacle the pos-
sibility to experience the RHI. In a similar vein, spinal
cord injured (SCI) patients may experience the illusory
ownership of an artificial hand. Lenggenhager et al.
(2012) assessed the strength of the illusion both with
questionnaire and proprioceptive drift in SCI people
and found that paraplegics, as compared to the healthy
controls, experienced a similar phenomenological illu-
sion but less proprioceptive drift. Furthermore, half of
the tetraplegic participants experienced both illusion
and drift while the other half did not experience the
illusion or the drift.
Chronic deafferentation substantially changes the
functional organization of sensorimotor areas both in
non-human (Chen et al., 2012) and human primates
(Chen et al., 2002; Henderson et al., 2011). Perceptual
correlates of functional plasticity have been reported
in amputee patients who experienced the sensation of
being touched on the phantom in addition to touches on
specific body regions, which were not distributed ran-
domly but reflected the known mapping of the body
surface on the brain. Relevant to the present study are
the studies where amputee patients refer to the phan-
tom hand touches delivered on the face ipsilateral to the
amputation side (Aglioti et al., 1997, 1999; Ramachan-
dran et al., 2010; Pourrier et al., 2010; for a review see
Nardone et al., 2013). Since hand and face are contigu-
ously represented in the primary somatosensory cortex
(SI) the above results have been interpreted as evidence
that input coming from other sensory regions (e.g.
face) drives the brain representation of the amputated
hand. Perceptual correlates of face-hand plasticity have
been reported in a patient who underwent a hand
transplantation (Farne` et al., 2002). Although mas-
sive somatosensory and motor deprivation is present
in both amputee and SCI people, evidence for percep-
tual correlates of across body part remapping in the
latter group, is meager (Moore et al., 2000).
Here we studied the illusionary feeling of ownership
in a spinal cord injured tetraplegic man, in whom the
motor and sensory deprivation affected the hand but
not the face and who has been available for extensive
testing over several weeks. The aim of this study is to
test whether synchronous touches applied to the face
can evoke the illusory perception that the rubber hand is
part of one’s own body. In particular we have been able
to test a young and collaborative SCI person in a mod-
ified RHI paradigm applying tactile stimulation on his
real hand and face synchronously and asynchronously
with the observed touches on the fake hand.
2. Methods
2.1. Participant
AP is a 30-year-old man who suffered from a trau-
matic spinal cord injury at C4 level (AIS level, A) seven
years before his participation in the study. The com-
pleteness of the lesion was defined according to the
concept of sacral sparing: sensory preservation of the
perianal zone and/or motor function of the external anal
sphincter (preservation of the lower sacral segments).
Prior to the accident AP was mobile and independent
and had no relevant medical or psychiatric history. Par-
ticipant was right handed before the injury. His facial
tactile sensitivity was perfectly normal and he was able
to discriminate tactile stimuli over the left index finger
and the left cheek. Tactile perception was tested by ask-
ing the participant to report verbally whether or not he
felt Q-tip touches delivered to his, hidden-from-view,
left index/cheek. The patient’s facial tactile sensitiv-
ity was perfectly normal and no stimuli on the face
were referred to the deafferented hand or any other
body part. AP was tested in 6 experimental sessions
over 12 months with a minimum temporal interval of 3
weeks. The experimental protocol was approved by the
ethics committee of the Fondazione Santa Lucia and
was carried out in accordance with the ethical stan-
dards of the 1964 Declaration of Helsinki. AP gave his
written informed consent to take part in the study and
received a reimbursement for his participation.
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Fig. 1. Representation of the experimental apparatus.
2.2. Procedure
The participant was seated comfortably in his
wheelchair in front of a table on which a wooden box
(27 cm H × 20 cm W × 50 cm D) was placed. The box
had two vertically distributed compartments, one for
AP’s left hand (lower part of the box, 7 cm above the
table level) and one for the rubber hand (upper part
of the box, 27 cm above the table level). The partici-
pant’s hand was placed with the palm down and a left
life-sized rubber hand was placed 20 cm higher the par-
ticipant hand. AP’s arm and forearm were out of his
view. A black cloak covered the AP’s shoulder and the
proximal part of the rubber hand. In this way, the rub-
ber hand at the top of the box was clearly visible and
appeared directly connected with the AP’s arm (Fig. 1).
We assessed the RHI along the vertical axis to main-
tain a visuo-spatial congruency between the real and
the rubber hand. That is, the rubber hand was in the
same location the real hand would be if the limb were
lifted. In this way we maintained the real hand and the
rubber hand in the same visual space to elicit max-
imal embodiment feelings towards the rubber hand
(Bekrater-Bodmann et al., 2012). It is worth noting that
with our set up the table level could not be used by AP
as a visual reference for hand localization judgments.
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Table 1
Illusion related (IR) and illusion control (IC) questions after hand/face tactile stimulation conditions
Face stimulation Hand stimulation
IR-1 It seemed as if I were feeling the touch of the paintbrush at the location where I saw the rubber hand touched
IR-2 It seemed as if the touch I felt was caused by the paintbrush touching the rubber hand
IR-3 I felt as if the rubber hand was my own hand
IC-4 I felt as if I had 2 “left hands”
IC-5 I felt as if my (real) hand were drifting up (towards the rubber hand)
IC-6 It seemed as if the touch I was feeling came from somewhere It seemed as if the touch I was feeling came from somewhere
between my own face and the rubber hand between my own hand and the rubber hand
2.3. Experiment 1
AP was tested in 4 experimental sessions performed
in non-consecutive days (minimum inter-day interval
of 3 weeks). For each experimental session there were
four blocks composed of a Baseline and a Stimulation
phase, each lasting 3 minutes. Thus the total duration of
an experimental session was of 24 minutes. The order
of the blocks was counterbalanced across the differ-
ent experimental sessions. In the Baseline AP simply
looked at the rubber hand. In each block, the Stimula-
tion phase always followed the Baseline. Two identical
brushes were used. In particular, we stimulated the left
hand and the left cheek either synchronously or asyn-
chronously with touches on a left rubber hand that was
seen by AP. In this way we had four Stimulation phases:
Hand Synchronous (HS), Hand Asynchronous (HA),
Face Synchronous (FS) and Face Asynchronous (FA)
stimulation. In the Hand stimulation phase, the rub-
ber and the AP’s hand were stimulated on the index
finger. In the face stimulation phase, the strokes were
administered on the index finger of the Rubber hand
and along a horizontal ideal line on the subject’s cheek,
starting from the muscle zygomaticus (below the left
eye) towards the nose. Importantly, to avoid expecta-
tions about the timing of the tactile touches we kept an
irregular temporal stroking pattern and we asked AP
to wear a pair of glasses with blinkers. This prevented
AP to see the brush approaching the left cheek, to be
distracted by peripheral stimuli from the left side or
the possibility for AP to anticipate the touch applied to
his face.
Objective index of RHI. To assess any proprioceptive
drift in the perceived position of the rubber hand, AP
was asked to report the felt position of his hidden left
index (hand localization task), by verbally stopping
a sliding bar. The bar was moved in an ascending or
descending way each 45 seconds by the experimenter
along a ruler out of AP’s sight. We counterbalanced the
starting position of the bar within blocks and across
the experimental sessions. This avoided AP to use
any visual anchor during the localization task and to
visually compare the answers between trials. Four rat-
ings (one every 45-seconds) were obtained for each
3-minute baseline or stimulation phase, thus having 8
measures of index’s perceived location for each block.
Subjective index of RHI. At the end of each stimulation
phase, AP was asked to rate on a 0–10 scale (0 = not
at all; 10 = very much) six statements consisting of 3
illusion-relevant (IR) and 3 illusion-control (IC) ques-
tions (see Table 1). The order of the questions was
randomized in each stimulation phase.
2.4. Results
2.4.1. Hand localization in the baseline condition
increases over time
We observed that AP’s proprioceptive localization
of his hidden hand increased every day and changed
after the very first tactile stimulation. Interestingly the
perceived position of his hand appeared to be at the
same height of the rubber hand. We tried to support
data visual inspection performing an ANOVA on the
perceived hand position with Order (Base 1, Base 2,
Base 3, Base 4) and Day (Day 1, Day 2, Day 3, Day 4)
as between factors. Post hoc analysis was performed
by means of Duncan test.
We observed a main effect of Day (F3,48 = 7.31,
p < 0.01, η2 = 0.31) with Day 1 (mean ± s.e., 21.84 cm
±2.36) significantly lower relative to the other days (all
p < 0.03) and Day 2 (23.65 cm ±1.81) lower than Day 4
(25.65 cm ±0.83, p = 0.02). All the other comparisons
were not significant (all p > 0.11). We found a main
effect of Order (F3,48 = 119.52, p < 0.01, η2 = 0.88)
with Base 1 (14.27 cm ±1.84) lower than Base 2
(26.85 cm ±0.24, p < 0.01), Base 3 (26.94 cm ±0.16,
p < 0.01), and Base 4 (27.38 cm ±0.15, p < 0.01).
Importantly the ANOVA revealed a significant double
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Fig. 2. Experiment 1 presentation order of Baselines for each day (A). Effect of synchronous stimulation on Proprioceptive drift (B).
interaction (F9,48 = 9.19, p < 0.01, η2 = 0.63). Post hoc
tests showed that first baselines differed each other
(Base 1-Day 1 < Base 1-Day 2 < Base 1-Day 3 < Base
1-Day 4, all p < 0.01) and were lower relative to the
others (all p < 0.01; Fig. 2A).
Thus, the distance between the real and the perceived
hand location increased between the experimental con-
ditions and across the days reaching a ceiling effect
after the first Baseline. Note that the mean values of
Base 2-3-4 are close to the actual distance between
the rubber hand and the table (27 cm). Importantly,
we found this effect during baselines where no tactile
stimulation was applied, suggesting that AP’s propri-
oceptive judgements were largely based on vision.
2.4.2. Proprioceptive drift
We computed the mean for each condition (for
a comprehensive view of all drift measurements
see Table 3) and observed high drifts during syn-
chronous condition (3.74 cm ±1.20) relative to the
asynchronous stimulation (1.57 cm ±0.63). In par-
ticular the drift after face synchronous stimulation
(4.13 cm ±2.46) appeared higher than during hand
stimulation (3.36 cm ±2.43). In order to ascertain
these differences and since Day and Order influ-
enced hand localization in the Baseline phases we
performed an Analysis of Covariance on propriocep-
tive drift (the difference between hand’s localization
task during Stimulation and Baseline) with Day and
Order as covariates and Body-Part (Hand, Face) and
Type of Stimulation (Synchronous, Asynchronous) as
between subject factors. The covariate Day was not
significantly related to the participant’s Propriocep-
tive Drift (F1,58 = 1.92, p = 0.17, r = −0.13, η2 = 0.03)
while the covariate Order was (F1,58 = 40.58, p < 0.01,
r = −0.62, η2 = 0.41). After controlling for the effect
of Day and Order we found a main effect of Type of
Stimulation (F1,58 = 4.10,p = 0.047,η2 = 0.06; Fig. 2B)
with higher proprioceptive drift in the Synchronous
(3.74 cm ±1.20) relative to the Asynchronous condi-
tion (1.57 cm ±0.63). We did not find a main effect of
Body Part (F1,58 = 0.10, p = 0.74, η2 < 0.01) or inter-
action (F1,58 = 0.15, p = 0.69, η2 < 0.01). These results
indicate that AP’s proprioceptive drift is higher dur-
ing synchronous relative to asynchronous touches
independently from the stimulated body part. This
may reflect a face-hand remapping process that after
spinal lesion facilitates the integration of tactile events
applied both on the hand and on the face.
2.4.3. Assessment of the subjective component of
the RHI
Visual inspection of IR-3 question (“I felt as if the
rubber hand was my own hand”) suggests high level
of ownership sensation throughout all visuo-tactile
manipulations. A Friedman ANOVA did not find any
change over the four stimulation phases (χ3 = 6.77,
p = 0.08; Fig. 3A). Further, mean of Illusion Relevant
(IR1-3) and Illusion Control (IC4-6) questions show
high scores for IR during hand stimulation, in particular
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Fig. 3. Experiment 1 mean values of IR-3 for each experimental condition (A) and Illusion-Relevant (IR) and Illusion-Control (IC) mean answers
in all experimental condition (B).
Table 2
Answers to IR-2 question on a 0–10 scale (0 = not at al 10 = very much)
Day 1 Day 2 Day 3 Day 4
Async Sync Async Sync Async Sync Async Sync
HAND 0 9 0 6.5 0.5 9 0 10
FACE 0 0.5 0.1 0.5 0 0 0 0
Table 3
Mean per condition of proprioceptive drifts of hand-face stimulation (Experiment 1) and hand-bottle stimulation (Experiment 2)
Experiment 1 Experiment 2
Stimulation mean s.e.m. Stimulation mean s.e.m.
HS 3.36 2.43 HS 1.31 0.69
HA 1.61 1.25 HA 0.15 0.20
FS 4.13 2.46 BS 2.31 0.46
FA 1.54 1.32 BA 0.74 0.63
higher during synchronous relative to asynchronous
stimulation. Higher score for IR questions after face
stimulation relative to IC but generally lower than dur-
ing hand stimulation. To better understand between the
visual differences in the IR and IC score we performed
3 planned comparisons (HA vs. HS; FA vs. FS; FS
vs. HS) using a Wilcoxon signed rank test separately
on the mean of IR and IC questions to directly test
the effect of synchronicity and stimulated body part on
RHI (Lenggenhager et al., 2012).
We found non-significant higher means for IR-
HS (8.66 ± 0.62) relative to IR-HA (4.75 ± 1.0;
p = 0.07; Fig. 3B) and IR-FS (2.92 ± 0.1, p = 0.07,
Fig. 3B). No significant difference between IR-FS and
IR-FA (2.67 ± 0.2; p = 0.108) was found. No compar-
isons involving IC means were significant (ps > 0.42;
Fig. 3B).
Importantly, a qualitative inspection of answers to
IR-2 question allowed us to rule out that AP’s illu-
sory ownership during asynchronous stimulation was
driven by the inability to experience the temporal dis-
crepancy from synchronous stimulation (see Table 2).
2.5. Experiment 2
In Experiment 1 AP localized his hand towards the
rubber hand and reported high illusory ownership dur-
ing all the blocks. Importantly we found a ceiling effect
in hand localization during baselines suggesting that
proprioceptive drift might be visually driven and unaf-
fected by the stimulated body part. Thereby, to explore
whether AP’s visual capture of the rubber hand was
specific to objects resembling the body (Tsakiris et al.,
2010) we tested AP after Experiment 1 using a rubber
hand and a plastic bottle.
Experiment 2 was a 2 × 2 design with factors Object
(Rubber hand, Plastic bottle) and Type of Stimulation
(Synchronous, Asynchronous) with blocks composed
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Fig. 4. Presentation order of Baselines values for each Day 1 and Day 2 (A). Effect of synchronous stimulation on Proprioceptive drift (B).
of a Baseline and a Stimulation phase as described in
Experiment 1. In particular we had four stimulation
phases: Hand Synchronous (HS), Hand Asynchronous
(HA), Bottle Synchronous (BS) and Bottle Asyn-
chronous (BA) stimulation. AP was tested twice and
conditions’ order was BS-BA-HA-HS in Day 1 and
HS-HA-BA-BS in Day 2.
2.5.1. Hand localization in the baseline condition
increases over time
We observed that AP’s proprioceptive baseline
localization of his hidden hand changed depending on
the visually presented object. In particular it appeared
that during bottle observation (Base 1-2 in Day 1,
Base 3-4 in Day 2) the hand was judged to be lower
(15.65 cm ±1.03) than after the observation of a fake
hand (Base 3-4 in Day 1, Base 1-2 in Day 2; 27.17 cm
±0.29). Known the order of the conditions we tried to
support data visual inspection performing an ANOVA
on perceived hand position with Order (Base 1, Base
2, Base 3, Base 4) and Day (Day 1, Day 2) as between
factors. Post hoc analysis was performed by means of
Duncan test.
The ANOVA revealed a Main effect of Day (F1,24
= 91.06, p < 0.01, η2 = 0.79) with Day 1 (19.60 cm
±2.86) lower than Day 2 (23.22 cm ±1.45), a main
effect of Order (F3,24 = 41.82, p < 0.01, η2 = 0.84)
with Base 3 (23.55 cm ±1.60) and Base 4 (23.35 cm
±1.46) higher relative to Base 1 (18.52 cm ±2.88, all
p < 0.01) and Base 2 (20.23 cm ±2.89, all p < 0.01).
Importantly we found a significant double interaction
(F3,24 = 307.69, p < 0.01, η2 = 0.97; Fig. 4A). Duncan
post-hoc analysis (Fig. 4A) revealed that Base 1-Day 1
(11.02 cm ±0.52) and Base 2-Day 1 (12.60 cm ±0.17)
differed from one another (p = 0.04) and were lower
than all the other baselines (all p < 0.01). In contrast,
Base 3-Day 2 (19.42 cm ±0.72) and Base 4-Day 2
(19.57 cm ±0.69) did not differ from each other (p =
0.84) and were lower than all the other conditions (all
p < 0.01). Further, Base 1-Day 2 (26.02 cm ±0.95) was
lower than Base 2-Day 2 (27.87 cm ±0.19, p = 0.03)
and Base 3-Day 1 (27.67 ± 0.13, p = 0.04).
2.5.2. Proprioceptive drift
We computed the mean for each condition and
observed high drifts during synchronous condition
(1.81 cm ±0.42) relative to the asynchronous stimula-
tion (0.44 cm ±0.33). In particular the drift after bottle
synchronous stimulation (2.31 cm ±0.46) appeared
higher than during hand synchronous stimulation
(1.31 cm ±0.69). In order to ascertain these differences
and to control for any effect of Day and Order we per-
formed an ANCOVA on proprioceptive drift with Day
and Order as covariates and Type of Stimulation (Syn-
chronous, Asynchronous) and Object (Hand, Bottle)
as between factors. The covariate Day was signifi-
cantly related to the participant’s proprioceptive drift
(F1,26 = 9.37, p < 0.01, r = 0.44) while Order was not
(F1,26 = 0.03, p < 0.86, r = −0.10). There was also a
significant effect of Type of Stimulation on propri-
oceptive drift after controlling for the effect of Day
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Table 4
Answers to IR and IC questions in Day 1 and Day 2 after hand/bottle tactile stimulation
IR-1 IR-2 IR-3 IC-4 IC-5 IC-6
Async Sync Async Sync Async Sync Async Sync Async Sync Async Sync
Day 1 Bottle 0 10 0 0 0 0 0 0 0 0 0 5
Hand 0 10 0 8 9 9 0 0 0 0 0 0
Day 2 Bottle 0 8 1 8 1 6 0 1 0 1 0 1
Hand 0 9 2 9.5 9 9 0 1 0 0 1 0
(F1,26 = 7.75, p < 0.01; Fig. 4B) with higher drift in
the Synchronous condition (1.81 cm±0.42) relative to
the Asynchronous condition (0.44 ± 0.33). No main
effect of Object (F1,26 = 2.83, p = 0.10) or interaction
(F1,26 = 0.21, p = 0.64) was found.
2.5.3. Illusion subjective assessment
Subjective reports were collected twice for each
stimulation phase. A qualitative inspection of Table 4
suggests that IR questions were higher for the HS rel-
ative to the other conditions and that IR-3 was similar
for HA and HS and higher relative to BS and BA
conditions.
Further in Day 2, AP experienced a slight illusory
ownership of the bottle. Similar findings have been
described in healthy people who experienced level of
ownership towards a table during synchronous but not
asynchronous tactile stimulation (Armel & Ramachan-
dran, 2003). The fact that AP’s illusory ownership of
a bottle differed between the two days may hint at a
higher malleability and variability of body represen-
tation during synchronous stimulation, and at a lower
(although non null) degree of embodiment of external
objects not resembling body parts.
3. Discussion
By using a modified version of the RHI paradigm we
extensively tested a young and collaborative tetraplegic
man with the aim of exploring two main issues: i)
the possible massive effect of vision of a deafferented
body part in modulating both subjective and objective
components of the illusion of embodying an artificial
hand; ii) the possible effects of tactile stimuli deliv-
ered to non-deafferented body parts (but represented
contiguously in the somatosensory system downstream
the lesion level, e.g. the face) in modulating the RHI.
Two novel findings were obtained. The first is that in
conditions of massive deafferentation, an overwhelm-
ing visual capture effect, specific for an artificial hand
and not extending to non-bodily objects, may help
to represent deafferented body parts. The second is
that delivering tactile stimuli on the hemiface ipsi-
lateral to the deafferented hand increases the sense
of embodiment as inferred from RHI and thus hints
at the presence of a plastic remapping of face-hand
representations.
3.1. RHI and visual capture
In Experiment 1, using a modified RHI paradigm
(Botvinick and Cohen, 1998), we applied synchronous
and asynchronous tactile stimulation to the left hand
and cheek while the subject was looking at a rub-
ber hand. We assessed both subjective and objective
measures of ownership by means of questionnaire and
proprioceptive drift. To control for the influence of
vision on hand localization after tactile stimulation the
tetraplegic patient was asked to watch the rubber hand
and indicate the position of his hidden real hand every
45 seconds for 4 times. During baseline sessions AP
looked at the rubber hand without any tactile stimula-
tion applied to his hand or face. AP showed high level
of ownership of the rubber hand in all the experimental
manipulations as measured by questionnaire and high
proprioceptive drift during synchronous stimulation.
Further in Experiment 2 we tested whether AP visual
capture was limited to objects resembling body parts
(rubber hand) or could be affected also by non-body
related objects (plastic bottle). We observed an effect
of synchronous stimulation on proprioceptive drift and
ownership during the observation of the rubber hand.
Overall our data suggest that the participant experi-
enced the rubber hand as his own and located his real
hand towards the artificial hand likely through a visual
capture of external objects resembling the human body
over proprioception.
3.2. Face-hand remapping and visual capture
Our data show that proprioceptive drift is higher
whenever hand and face are touched synchronously
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with the rubber hand and AP’s experience of owning
the artificial hand is stable throughout all experimental
conditions. Thus face-hand remapping mechanism and
vision differently modulated the proprioceptive local-
ization of the hidden hand and the subjective ownership
of an external object.
Previous RHI studies in patients revealed that intact
integration processes of visual and tactile informa-
tion are relevant for proprioceptive drift and illusory
ownership. Dystonic patients (Fiorio et al., 2011) and
SCI people (Lenggenhager et al., 2012), for example,
showed absence of proprioceptive drift during syn-
chronous visuo-tactile stimulation compared to healthy
participants.
Contrary to these findings, data suggests AP has
preserved facilitation of multisensory integration for
both hand and face and he strongly relies on visual
information to experience a stable illusory ownership
of the rubber hand. These results are in keeping with
what found in patients with complex regional pain
syndrome who, despite their impairment in process-
ing static tactile stimuli, show preserved ability to
integrate multisensory events and to perceive illusory
ownership of a fake hand (Reinersmann et al., 2013).
Further, a recent study on two SCI people reported a
recovery of tactile sensitivity after RHI suggesting a
strong reliance on visual information to overcome the
absence of proprioceptive inputs (Lenggenhager et al.,
2013). Interestingly, plastic interactions between face
and hand cortical representation occurs in patients with
facial paralysis. Haenzi and colleagues (2013) revealed
that tactile stimulation to the hand activates the cortical
representation of the face in people who had under-
gone cosmetic injections of botulinum toxin to treat
wrinkles.
To the best of our knowledge this is the first
study to report an experience of ownership toward
an external object in a tetraplegic person during face
and hand tactile stimulation. The suggested strong
reliance on visual information for body ownership may
erroneously be considered as limited to people with
proprioceptive and sensorimotor deficit. Indeed, the
observation in a mirror box of the reflected opposite
arm elicits the sensation in the amputee patient that
their phantom arm is moving (Ramachandran et al.,
1995) and induce involuntary movements in normal
participants (Romano et al., 2013). However healthy
subjects during high level of full body ownership
reported asynchronous touches as congruent (Maselli
and Slater, 2013). Moreover a phantom arm (Guter-
stam et al., 2013) as well as a telescoped limb illusion
(Schmalzl & Ehrsson, 2011) can be induced using the
rubber hand paradigm. Finally individuals with vision-
touch synesthesia experienced proprioceptive drift and
ownership towards a rubber hand in the absence of
touch on their real hands (Aimola Davies et al., 2013)
and a recent study showed that touch expectation mod-
ulates the illusory sensation of ownership towards the
rubber hand (Ferri et al., 2013). It is worth noting
that, when at the end of some experimental blocks we
intentionally rotated the rubber hand of 90◦ (like in
Tsakiris & Haggard, 2005) or 180◦ (like in Schmalzl
et al., 2013; Petkova & Ehrsson, 2009; Guterstam
et al., 2011), AP immediately reported the loss of own-
ing the fake hand. On the contrary, mere observation
of a the fake hand positioned in anatomically congru-
ent position, induced in AP the strong feeling that the
artificial hand was part of his body. Such feeling dis-
appeared when the rubber hand was rotated so as to be
in an anatomical implausible position. Thus, the strong
effect of vision on embodiment takes into account the
anatomical topography of the body ruling out that any
response bias played a role in the results. This is remi-
niscent of the result obtained in a population of anosog-
nosic patients who reported the illusory ownership of a
rubber hand only when placed in front of them accord-
ing to a humanly plausible posture (Fotopoulou et al.,
2008). In a similar vein, embodiment of the hand of an
experimenter by simply watching it has been reported
in a sub-group of patients with anosognosia for hemi-
plegia (Garbarini et al., 2013). Overall these studies
and our results indicate that visual information may
play a crucial role in modulating the sense of body own-
ership particularly in people with sensorimotor deficits.
Unlike the classic RHI paradigm where propriocep-
tive assessment of baseline is measured with the rubber
hand out of participant’s view (Botvinick & Cohen,
1998; Tsakiris et al., 2010; Petkova et al., 2012), our
baseline was characterized by mere observation of the
rubber hand. This procedure allowed us to assess the
role of vision on proprioceptive judgments before each
stimulation phase. The extracted proprioceptive drift
thus represents a vision-unbiased effect of visuo-tactile
processing following hand and face stimulation. We
found an overwhelming visual dominance of the fake
hand over proprioception and ownership feeling.
Importantly only synchronous stimulation further
increased the proprioceptive drift suggesting that sen-
sory information from face and hand are similarly
processed. An excessive observation of the rubber hand
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cannot explain the baseline’s ceiling effect in the third
experimental condition of each day. Indeed at the end of
the second phase AP’s hand was moved, the cloak was
removed, the rubber hand was hidden (or momentar-
ily rotated) and the third phase started after a pause of
nearly 10 minutes. Further our data cannot be attributed
to the inability of the patient to correctly categorize
synchronous and asynchronous stimulations. As a mat-
ter of fact, AP was able to tell apart synchronous
from asynchronous stimulation as highlighted by his
answers to IR-2 question (see Table 3). We reported
both descriptive and inferential analysis. Although the
inferential approach on single cases may inflate error
Type I probability, this procedure has been used in
many single case reports (Pia et al., 2013; Garbarini
et al., 2012; Benson et al., 2012). By performing an
ANCOVA we aimed at partialling out the variance
explained by DAY and ORDER. This allowed us to find
an effect of synchronicity irrespective of the stimulated
body part (i.e. face, hand).
Thus our data may indicate that vision drives both
illusion and proprioception during synchronous tactile
stimulation on hand and that face stimulation addi-
tionally increases the proprioceptive drift towards the
observed artificial hand.
4. Conclusion
RHI may represent an alternative and new tool to
support motor rehabilitation (Dietz et al., 2013) in
SCI people (Lenggenhager et al., 2013) suggesting
that exploring illusory ownership may be relevant for
the clinics and the rehabilitation medicine. Importantly
this modified RHI paradigm may represent an indirect
way to test brain plasticity and body representation in
SCI people who experience a dramatic change in body
perception and visual representation (Fuentes et al.,
2013). Studies on larger samples may allow to sup-
port more robust conclusions on possible hand-face
remapping mechanisms after spinal cord lesion (Scan-
dola et al., 2013; Scandola et al., 2014) and therefore
to understand the role of across-body parts remapping
in supporting the sensory side of motor rehabilitation
(Lenggenhager et al., 2013; Dietz et al., 2013) as well
as the reduction of neuropathic pain (e.g. using virtual
reality, Villiger et al., 2011).
Finally these results suggest that alterations of
somatosensory inputs and motor outputs as well as
the disconnection of the body from the brain due to
spinal cord lesions may result in a disturbed sense of an
embodied self. Furthermore, plasticity-related cortical
changes might influence the dynamics of the bodily
representation and may help understanding cortical
remapping and the development of novel rehabilitation
procedures for people with reduced access to sensori-
motor information.
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